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Abstract
Certain phytopathogenic fungi are able to express alternative NADH- and quinol-oxidising enzymes that are insensitive to
inhibitors of the mitochondrial respiratory Complexes I and III. To assess the extent to which such enzymes confer tolerance
to respiration-targeted fungicides, an understanding of mitochondrial electron transfer in these species is required. An
isolation procedure has been developed which results in intact, active and coupled mitochondria from the wheat pathogen
Septoria tritici, as evidenced by morphological and kinetic data. Exogenous NADH, succinate and malate/glutamate are
readily oxidised, the latter activity being only partly (approx. 70%) sensitive to rotenone. Of particular importance was the
finding that azoxystrobin (a strobilurin fungicide) potently inhibits fungal respiration at the level of Complex III. In some S.
tritici strains investigated, a small but significant part of the respiratory activity (approx. 10%) is insensitive to antimycin A
and azoxystrobin. Such resistant activity is sensitive to octyl gallate, a specific inhibitor of the plant alternative oxidase. This
enzyme, however, could not be detected immunologically. On the basis of the above findings, a conceptual mitochondrial
electron transfer chain is presented. Data are discussed in terms of developmental and environmental regulation of the
composition of this chain. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
The naturally occurring antibiotics oudemansin,
strobilurin and myxothiazol share an (E)-L-methox-
yacrylate residue as a common structural element
and bind speci¢cally at the Qo site of the mitochon-
drial cytochrome bc1 complex [1,2]. Based on these
natural products, a new class of fully synthetic fun-
gicides has been developed, which includes kresoxim-
methyl [3], azoxystrobin [4] and several SSF deriva-
tives [5,6]. Azoxystrobin (AZ) in particular has pro-
ven commercially successful, due to the exceptionally
wide range of crops that is protected by this broad-
spectrum fungicide [7]. In general, the persistent ef-
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bis(L-aminoethyl ether)-N,N,NP,NP-tetraacetic acid; CCCP, car-
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fectiveness of a fungicide relies upon the inability of
a pathogen to develop resistance against the com-
pound. Several mechanisms have been reported
which potentially confer insensitivity to respiration-
targeted fungicides. In laboratory mutants of Saccha-
romyces cerevisiae for example, it has been shown
that amino acid substitutions within the cytochrome
b subunit of Complex III account for resistance to
Qo site inhibitors [8]. Related to this, it has been
demonstrated that the natural tolerance of strobilur-
in-producing basidiomycetes to such inhibitors is due
to the particular nature of certain amino acids within
the cytochrome b protein involved in the formation
of the Qo centre [9]. It is therefore clear that upon
prolonged exposure to (E)-L-methoxyacrylates, natu-
ral selection for target site mutations may result in
fungal populations that are resistant to this class of
fungicide.
It has been long recognised that many fungi, un-
like mammals but comparable to plants, are able to
express rotenone-insensitive NADH dehydrogenases
[10] as well as an alternative QH2-oxidase [11] that
by-pass Complex I and Complexes III and IV, re-
spectively. In recent years it has become clear that
such enzymes may provide another mechanism of
resistance against fungicides aimed at mitochondrial
respiration. It has been shown that the phytopatho-
genic fungus Magnaporthe grisea acquires a degree of
resistance to SSF126 by inducing the expression of a
plant-like alternative oxidase [5]. The relative insen-
sitivity of Venturia inaequalis to kresoxim-methyl [12]
and the AZ tolerance of a laboratory mutant of Sep-
toria tritici [13] have also been attributed to activity
of an alternative respiratory pathway. In Gaeuman-
nomyces graminis, an alternative oxidase is thought
to be constitutively present and to play an essential
role in ATP synthesis [14], despite the non-proton-
motive character of the analogous plant enzyme [15].
Finally, the SSF129-induced stimulation of mycelial
cell respiration of Botrytis cinerea has been explained
by the presence of an alternative oxidase [6],
although activity of such an enzyme could not be
detected in either sub-mitochondrial particles [6] or
mitochondria isolated from this species [16].
It is evident that the understanding of mitochon-
drial respiration in phytopathogenic species is far
from complete. It is likely that the composition of
the fungal electron transfer chain is species-depen-
dent and also a re£ection of metabolic, developmen-
tal and environmental conditions. In order to assess
the circumstances under which and the extent to
which alternative respiratory enzymes may confer re-
sistance against fungicides, further fundamental
knowledge of fungal mitochondrial respiration is re-
quired. In this paper we describe a convenient meth-
od to prepare intact, active and coupled mitochon-
dria from S. tritici, a fungus that causes major leaf
spot diseases in wheat.
2. Material and methods
2.1. Strains, chemicals and growth conditions
The S. tritici strains K2556 and K3456 (as isolated
from the ¢eld by AstraZeneca) were kept at 4‡C on
2% agar plates containing 1.5% dextrose, 0.7% pep-
tone and 0.14% yeast extract (GP medium). For mi-
tochondrial preparations, 2 l £asks each containing
1 l GP medium were inoculated with colonies from
these plates. Cells were batch-cultured in a refriger-
ated incubator-shaker (19‡C, 150 rev. min31) until
harvested after 5^7 days. Growth nutrients were pur-
chased from Oxoid (Hampshire, UK), AZ was kindly
provided by AstraZeneca (Berkshire, UK) and the
remaining chemicals were, unless stated otherwise,
obtained from Sigma (Poole, Dorset, UK).
2.2. Mitochondrial isolation
S. tritici mitochondria were prepared based on a
protocol developed to isolate mitochondria from
Schizosaccharomyces pombe [17]. A 1 l culture
(A450 = 4.5^5.5) was centrifuged at 8500Ug for 15
min, after which cells were resuspended in 200 ml
digestion bu¡er (DB) containing 1.35 M sorbitol,
1 mM EGTA and 10 mM citrate-phosphate bu¡er
(pH 5.8). Following a second centrifugation step at
3000Ug for 15 min, cells were resuspended in 100 ml
DB and approx. 100^125 mg zymolyase (ICN
320921) was added. Subsequent to a 15 min incuba-
tion at 19‡C, 100^125 mg ‘lysing enzyme’ (Sigma
L1412) was added to the suspension that was then
incubated for a further 45 min. The digested cells
were diluted (1/3) in wash bu¡er (WB) containing
0.75 M sorbitol, 0.4 M mannitol and 10 mM
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MOPS (pH 6.8) and centrifuged at 2000Ug for 10
min (4‡C) to remove unbroken cell debris. The super-
natants were centrifuged at 12 000Ug for 10 min
(4‡C) to yield pellets highly enriched in mitochon-
dria. These pellets were pooled in 40 ml WB and
centrifuged once more at 12 000Ug for 10 min
(4‡C). Washed mitochondria were resuspended in
300^500 Wl WB. Mitochondrial protein content was
estimated as described in [18].
2.3. Measurements of oxygen consumption and
Q reduction
Oxygen uptake rates were measured voltametri-
cally, either separately or concomitantly with the Q
reduction level, in a specially constructed chamber
(University of Sussex) housing a Rank oxygen elec-
trode and glassy carbon and platinum electrodes
connected to an Ag/AgCl reference electrode similar
to that described in [19]. Mitochondria (0.5^1.0 mg)
were incubated at ambient temperature in 2.2 ml WB
or in 2.2 ml medium A containing 0.3 M mannitol,
1 mM MgCl2, 5 mM K2HPO4, 10 mM KCl, 20 mM
MOPS (pH 7.2 or 7.8) and, in the case of Q re-
duction measurements, 1 WM Q1. Other chemicals
speci¢c to the experiment were added as described
in the legends of Figs. 2^4. Data were recorded dig-
itally (40 min31) using a PowerLab/4SP system con-
nected to iMac running Chart v3.6.1/s software
(ADInstruments). Acquired data were graphically
displayed using Kaleidagraph v3.0.2 (Abelbeck Soft-
ware).
2.4. Transmission electron microscopy (TEM)
A mitochondrial sample was prepared for TEM by
¢xation initially in 2.5% glutaraldehyde and subse-
quently in 1% osmium tetroxide. Both ¢xations
were for 3 h at ambient temperature and were bu¡-
ered in 10 mM MOPS (pH 6.8). The samples were
subsequently prestained in 0.5% aqueous uranyl ace-
tate, dehydrated in an ethanol series and embedded
in Spurr resin. Thin sections were cut on an LKB
Ultrotome III ultramicrotome, poststained in lead
citrate and examined in a Hitachi 7100 TEM at
100 kV. Digital images were acquired with a
charge-coupled device camera (800U1200 pixel; Dig-
ital Pixel, Brighton, UK).
3. Results
S. tritici mitochondria were prepared by means of
enzymatic cell wall digestion and di¡erential centri-
fugation (cf. Section 2.2). This procedure is relatively
fast (approx. 3 h) and yields a satisfactory amount of
protein. On average, 6 mg protein is obtained from a
1 l culture (A450 = 5). From the transmission electron
micrograph shown in Fig. 1A, it is evident that the
majority of the isolated protein is mitochondrial in
origin. The structural integrity of these mitochondria
is re£ected in Fig. 1B in which a relatively electron-
dense matrix is clearly distinguishable from the space
between the intact outer and inner membranes. Since
the mitochondria were merely washed and not gra-
dient-puri¢ed, a certain degree of microsomal con-
tamination is evident (Fig. 1A). However, oxygen
consumption experiments strongly suggest that the
overall activity of the non-puri¢ed sample is predom-
inantly mitochondrial (Fig. 2).
The respiratory traces shown in Fig. 2 indicate
that the sample does not exhibit an initial oxygen
uptake rate that is independent of a reducing sub-
strate. This demonstrates that the sample is devoid of
undigested whole cells that potentially cause an ini-
tial activity as high as 25 nmol O2 (mg protein)31
min31 (not shown). It is clear that (external) NADH,
succinate and malate/glutamate are readily oxidised
by the mitochondrial sample (Fig. 2A^C). Although
the rate of NADH oxidation is not a¡ected by oli-
gomycin (Fig. 2A) and hardly stimulated by ADP
(not shown), it is more than doubled by CCCP
(Fig. 2A,D^F). This shows that NADH-dependent
respiration results in the establishment of a v WH .
Oxidation of NADH is fully inhibited by KCN and
AZ (Fig. 2A,D), but it is partly resistant to antimy-
cin A (Fig. 2E). At present, we believe that this dif-
ferential sensitivity is a strain-speci¢c phenomenon
(cf. Section 4). Most of the antimycin-resistant activ-
ity (approx. 67%) is sensitive to OG (Fig. 2E), a
speci¢c inhibitor of the plant alternative oxidase
[20]. Such an oxidase, however, could not be detected
in S. tritici mitochondria when probed with mono-
clonal antibodies raised against the plant enzyme
(not shown).
The CCCP-stimulated NADH oxidation is not sig-
ni¢cantly a¡ected by rotenone (Fig. 2F), which con-
¢rms the presence of an external NADH dehydroge-
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nase. Rotenone does inhibit the oxidation of malate/
glutamate, by approx. 70% (Fig. 2C), demonstrating
the presence of Complex I and an internal rotenone-
insensitive NADH dehydrogenase. A slight stimula-
tion of malate/glutamate oxidation is observed upon
addition of ADP and this activity is not further en-
hanced by CCCP (Fig. 2C). Similarly, the CCCP-
induced rise in succinate oxidation is small in com-
parison with that observed upon oxidation of
NADH (cf. Fig. 2B and A). Both observations are
likely due to restricted substrate availability, since
both malate/glutamate and succinate enter the
mitochondrial matrix in a v WH-dependent fashion
[21]. When v WH is dissipated by CCCP, this entry
is impeded and is likely to limit respiratory ac-
tivity, thereby masking any stimulatory e¡ect of
CCCP.
Exogenous cytochrome c was added to a mito-
chondrial sample in an attempt to determine the ex-
tent to which outer membranes were damaged. From
Fig. 2G it is apparent that addition of cytochrome c
stimulates the oxidation of NADH by approx. 20%.
Assuming that broken mitochondria do not exhibit
respiratory activity in the absence of added cyto-
chrome c, it can be calculated that approx. 85% of
the mitochondrial population contains an intact out-
er membrane (Fig. 2G). Of particular signi¢cance
was the ¢nding that the cytochrome c-stimulated ox-
idation of NADH is potently inhibited by 11 WM AZ
(approx. 85%). Subsequent addition of ascorbate/
TMPD restores the respiratory activity, con¢rming
that the site of inhibition of AZ in fungal mitochon-
dria is at the level of the bc1 complex, as is the case
in mammalian species. KCN does not fully inhibit
this rate, suggesting an alternative (extra-)mitochon-
drial oxygen-consuming activity.
Further respiratory analysis demonstrates that in-
teraction between Q-reducing and QH2-oxidising en-
zymes in S. tritici mitochondria respiring on either
NADH or succinate, results in steady state Q reduc-
tion levels of approx. 84 and 59%, respectively
(Fig. 3A). Titration of succinate dehydrogenase
with malonate results in a net oxidation of the Q
pool (approx. 44%, Fig. 3A). In Fig. 3B steady state
respiratory rates are expressed as a function of these
Q reduction levels, indicating that QH2-oxidising ac-
tivity under coupled conditions is hyperbolically
dependent upon the Q redox poise (cf. [19]). A
more detailed Q kinetic will yield potentially im-
portant information as to the in situ action of inhib-
itors, such as the (E)-L-methoxyacrylates, that bind
to Q-binding sites of mitochondrial respiratory en-
zymes.
To quantitatively assess the e¡ect of AZ in S. tri-
tici mitochondria, the oxidation of NADH was ti-
trated with this compound. Under both coupled
Fig. 1. Transmission electron micrographs of S. tritici mitochondria.
BBABIO 44912 7-8-00
C. A¡ourtit et al. / Biochimica et Biophysica Acta 1459 (2000) 291^298294
and uncoupled conditions, AZ potently inhibits res-
piratory activity by approx. 90% with half-maximal
inhibition occurring at approx. 0.2 WM (Fig. 4). In-
terestingly, in the absence of CCCP and at sub-I50
concentrations, NADH oxidation is slightly stimu-
lated by AZ addition (approx. 10%). Since this stim-
ulation is not observed in the presence of CCCP
(Fig. 4), we suggest the stimulatory e¡ect is due to
Fig. 2. Mitochondrial oxygen consumption. Approx. 0.5^1.0 mg mitochondrial protein (K2556 or K3456 as indicated) was incubated
in 2.2 ml WB (pH 6.8, traces A, B, D, E and G), or 2.2 ml medium A (pH 7.2, trace F and pH 7.8, trace C). NADH (1.7 mM), suc-
cinate (suc, 9 mM), glutamate (glu, 9 mM), malate (mal, 9 mM), ATP (0.2 mM), cytochrome c (cyt. c, 1 WM), ascorbate (asc, 9 mM),
TMPD (0.17 mM), CCCP (0.9 WM), ADP (85 WM), KCN (0.4 mM), antimycin A (AA, 1.6 WM), azoxystrobin (AZ, 5.5 WM), octyl
gallate (OG, 5.5 WM), oligomycin (oligo, 1.5 WM) and rotenone (rot, 2.2 WM) were added as indicated. O2 and time scales are as
shown in traces A, C and G. Other traces are presented to the scale of trace A. Speci¢c O2 uptake rates are given in nmol O2 min31
(mg protein)31 by the numbers adjacent to the traces. Typical experiments are shown.
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uncoupling properties of AZ. Such a dual action is
not unprecedented, as certain dinitrophenols exhibit
both respiration-inhibitory and uncoupling activity
[22]. The AZ titration curve is similar in shape to
those of other tight-binding Complex III inhibitors
such as antimycin A and myxothiazol [2].
4. Discussion
We have presented both morphological and kinetic
data that demonstrate that the enzyme digestion-
based isolation protocol described in this paper,
yields S. tritici mitochondria that are structurally in-
tact: approx. 85% contains an intact outer mem-
brane (Figs. 1 and 2H). Furthermore, various sub-
strates are readily oxidised in a fashion that can be
stimulated by CCCP (particularly in the case of ex-
ternal NADH), indicating an intact mitochondrial
inner membrane that contains functional respiratory
enzymes capable of establishing a v WH (Fig. 2).
Previously, Ziogas et al. [13] have reported a proce-
dure for the isolation of mitochondria from S. tritici.
Their method was based on cell disruption by exten-
sive grinding and yielded a sample in which activity
was substantially dependent upon the presence of
exogenous cytochrome c [13], suggesting low struc-
tural and functional mitochondrial integrity.
Based on the presented data, a schematic respira-
tory chain of S. tritici is shown in Fig. 5. Since ma-
late/glutamate is oxidised in a fashion that is only
partly (approx. 70%) sensitive to rotenone (Fig.
2C), two enzymes are likely present capable of oxi-
dising matrix-generated NADH: Complex I and an
internal rotenone-insensitive NADH dehydrogenase.
Fig. 3. Quinone-reducing activity. (A) Q reduction levels were
attained upon oxidation of 1.7 mM NADH (trace 1) or 9 mM
succinate (+9 mM glutamate and 0.2 mM ATP) in the absence
(trace 2) or the presence (trace 3) of 0.4 mM malonate. CCCP
(1 WM) was added as indicated. (B) Kinetic dependence of
QH2-oxidising respiratory activity upon the reduction level of
the Q pool. Steady states achieved in the absence of a respira-
tory substrate (E) or in the presence of NADH (F) or succinate
(+glutamate and ATP) without (a) or with (b) 0.2^0.4 mM
malonate were modelled as described in [26].
Fig. 4. Oxidation of NADH titrated with AZ. Relative activities
are expressed as a fraction of the rate una¡ected by AZ. Con-
trol rates were 60 and 120 nmol O2 min31 mg31, respectively,
in the absence (a) and in the presence (b) of 0.9 WM CCCP.
Approx. 0.3 and 0.2 mg mitochondrial protein was present in
the coupled and uncoupled assays, respectively.
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Oxidation of external NADH is stimulated by CCCP
and is not signi¢cantly inhibited by rotenone (Fig.
2F), demonstrating the presence of a dehydrogenase
with its NADH-binding site located on the outer
surface of the inner membrane. Succinate dehydro-
genase activity appears similar to that observed in
other species as activity is dependent upon the pres-
ence of ATP and glutamate (Fig. 2B) that are re-
quired to activate the enzyme (see e.g. [17]). These
substrate oxidations result in the reduction of a Q
pool (Fig. 3) which is subsequently re-oxidised by a
conventional cytochrome pathway, as evidenced by
the sensitivity of respiration to KCN, AZ and anti-
mycin A (Fig. 2A,D and E, respectively).
The presence of alternative O2-reducing enzymes
(such as a plant-like alternative QH2-oxidase) in
S. tritici mitochondria is somewhat unclear, although
our data suggest that activity of such enzymes may
be strain-dependent. In K3456 mitochondria, a small
but signi¢cant part of the NADH-dependent respira-
tory activity (10% of the coupled rate) is resistant to
antimycin A and AZ (Fig. 2E and 4, respectively),
whereas NADH oxidation in K2556 mitochondria is
completely AZ-sensitive (Fig. 2D). This is consistent
with the observations that whole K2556 S. tritici cells
are about twice as susceptible to AZ inhibition than
K3456 cells (C. A¡ourtit, P.G. Crichton and A.L.
Moore, unpublished). The antimycin A- and AZ-re-
sistant respiratory activity (in both mitochondria (cf.
Fig. 2E) and cells) is sensitive to OG, a speci¢c in-
hibitor of the plant alternative oxidase [20], suggest-
ing the presence of this enzyme. However, when
S. tritici mitochondria are probed with antibodies
raised against the plant alternative oxidase, no
cross-reaction is observed. In the K3456 mitochon-
drial preparations, OG therefore inhibits either an
oxygen-consuming protein non-mitochondrial in ori-
gin (apparently absent from the K2556 preps) or an
alternative mitochondrial QH2-oxidase that does not
contain the epitope [23] to which plant alternative
oxidase antibodies bind.
Finally, it should be stated that although many
plants contain an alternative oxidase gene, expression
and activity of the enzyme are tightly regulated and
may only arise as a function of development [24] or
as a response to environmental stress situations [25].
In this light, the reported alternative oxidase activity
in mitochondria from mutated S. tritici cells [13]
might be a reaction to the ultraviolet irradiation em-
ployed to create the mutant strain. Studies performed
in Pyricularia oryzae clearly illustrate that expression
of fungal enzymes could be stress-related, as the pres-
ence or absence of a plant-like alternative oxidase in
this phytopathogen can be experimentally modulated
by exposing cells to varying concentrations of the
(E)-L-methoxyacrylate SSF126 [5].
In conclusion, we have demonstrated that func-
tional mitochondria can be readily isolated from
Fig. 5. Schematic representation of the mitochondrial respiratory chain of S. tritici. Proton (assumed) and electron transfer are indi-
cated by thick and thin arrows, respectively. DH, dehydrogenase; SDH, succinate dehydrogenase; P (cytoplasmic) and N (matrix)
side of the mitochondrial inner membrane.
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S. tritici cells. Further characterisation of these mi-
tochondria at a variety of developmental stages
should reveal the extent to which respiratory activity
varies as a function of growth and possible exposure
to AZ. In combination with studies into the kinetic
interplay between (alternative) Q-reducing and QH2-
oxidising enzymes, this should yield relevant funda-
mental knowledge that will bene¢t the development
of future respiration-targeted fungicides.
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